II. Introduction
S wind turbines increase in size, designing blades with minimal weight and adequate stiffness becomes a challenge. In this respect, the use of flatback (FB) airfoils has been proposed as a solution as FB profiles have large cross sectional area and better structural characteristics compared to their sharp Trailing Edge (TE) counterparts. At the same time flatback profiles are less demanding in terms of pressure recovery and hence have reduced leading-edge (LE) roughness sensitivity [1] . In addition they have increased maximum lift compared to thin TE airfoils of the same thickness [2, 3] . This, however, comes with a significant drag penalty, mainly due to base drag, which can be reduced by means of various TE add-ons [4] .
The objective of the present study is dual. First it aims at examining whether a new flap device can provide improved performance for a non-symmetric flatback airfoil. The performance of the new device is compared to that of other drag reduction configurations that have shown promising results in the past, such as the TE splitter and the TE cavities. The second objective is to examine the physics that underlie the drag reduction mechanism for different devices. To achieve both ends, pressure, hot wire anemometry and Stereo Particle Image Velocimetry (PIV) measurements have been performed.
A
In the following section a brief review of relevant studies is given followed by a description of the experimental set-up in Section IV. Results are presented and discussed in Section V and the paper closes with the conclusions given in Section VI.
III. Background
In the wake of bluff bodies a vortex street is formed, which is linked to the low pressure region close to the body TE and which leads to high drag values [5] . Ways to reduce this significant drag force in sub-sonic flow have been investigated for more than four decades [5] [6] [7] . The most common passive drag reduction technique is to alter the bluff body wake by means of various devices located at the body TE or different TE modifications. The modifications aim at increasing base pressure and thus reducing base drag. The increase in base pressure is achieved either by the displacement of the low pressure vortex street downstream, away from the base surface [8] or by the creation of streamwise vorticity [9] .
Bearman [10] found that the base pressure is inversely proportional to the formation length, which is defined as the distance from the TE to the point where the velocity fluctuation level has grown to a maximum and decays further downstream. An increase in formation length is also linked to a decrease in the streamwise normal Re stress [11, 12] . Regarding the far wake of flatback airfoils with TE devices, a similarity parameter based on geometrical characteristics of the model was recently discovered [13] .
The vortex shedding at the TE of flatback airfoils at high chord Reynolds numbers (1.5e6 < < 3e6) occurs at St ≈ 0.24 based on the free stream velocity and the TE height [13] [14] [15] [16] , while lower St values have been observed at lower numbers [17] . St is increased with the various TE devices and it was recently found that the concept of a universal St* number as introduced by Roshko [12, 18] also holds for various TE devices [13] .
Combining the findings of various relevant studies, it can be said that TE drag reduction devices extend the vortex formation length at the wake of the blunt TE, thus increasing base pressure and St while reducing the flow fluctuations. In other words, the effect of the various devices is to transform the costly (in terms of drag)
slow and large flow variations caused by bluff body vortex shedding into smaller, quicker variations that result in lower drag values.
Studies on flatback airfoils [4, 19] have shown that devices such as a Splitter plate, a Cavity or an Offset Cavity can achieve drag reduction up to 50%, for a small reduction in lift. Other devices have also performed well, such as a TE wedge, a Stepped Afterbody, a Ventilated Cavity, a Square Wave TE or M-shaped TE serrations [13, [20] [21] [22] , but a single device has yet to emerge as the obvious choice for all cases, which suggest more research is required. Regarding the length of the drag reduction devices it has been found that there is a critical length (~0.5h, where h is the TE height) below which they become ineffective [4] .
Drag reduction devices also affect lift, although not as dramatically as they affect drag [4] . As they extend downstream of the wing TE, parallel to its chord, they reduce the effective camber of the airfoil resulting in
lower Cl values. The Splitter plate has a less pronounced effect on lift mainly because it is immersed in separated flow [19] . This is also the reason why serrations were found to have minimal effect on a single splitter plate, but improved the performance of the double splitter plate (Offset Cavity). Drag reduction devices attached to the TE of flatback airfoils can also reduce the noise generated in that region [23] . It is noted, however, that noise reduction is out of the scope of the present study.
IV. Experimental Set up

A. Wind tunnel and airfoil model
A 30% thick FB airfoil with a 10.6% thick TE (LI30-FB10, see Figure 1 , left) was tested experimentally at = 1.5e6. The FB airfoil was generated from an airfoil with sharp TE of the same thickness (LI30) by adding thickness to the airfoil camber line gradually from x/c=0.4 so that at the TE the added thickness is 0.1c. The original LI30 was designed for use on a Low Induction Rotor (LIR) [24] .
All experiments were performed at the small test section (1.4m×1.8m, height × width) of the National Technical University of Athens (NTUA) wind tunnel, where the turbulence intensity is ≤0.2%. A schematic view of the test set up is given in Figure 2 . The wing spanned the test section vertically and fences were used in order to minimize the effect of the wind tunnel wall boundary layer. The model had a chord of c = 0.5m and the fences were 1m apart, setting the wing Aspect Ratio (AR) to 2.0. 
B. Drag Reduction Devices
The drag reduction devices examined in the present study are categorized in two groups. The first group consists of three previously investigated devices (Splitter plate, Cavity and Offset Cavity), a variation of the Cavity (Extended Cavity) and a new Flap device, all five devices shown in Figure 3 . The Extended Cavity is similar to the Cavity, but the plates follow the curvature of the airfoil sides at the TE. This means that they are neither parallel to the airfoil camber line nor to each other. The second group of devices is shown in Figure 4 and consists of four devices, which are combinations of the Flap with the Splitter plate and the lower part of the Cavity, the Offset Cavity and the Extended Cavity.
The Flap is a flat plate located at 20° with respect to the airfoil chord. Unlike usual TE airfoil slotted flaps, where the flap top side is fed with high speed flow from the airfoil lower side, in the present case the lower Flap side is fed by the flow from the top airfoil side. To the best of the authors' knowledge such a device has not been previously tested on FB airfoils.
All devices were constructed by 2mm thick aluminum sheet. The Splitter, Cavity, Offset Cavity and Extended Cavity were 43mm long (or 0.81h, where h = 53mm is the TE height). The Offset Cavity plates were located 10mm off the TE edges. The Flap was 33mm long or 0.62h, its TE being at 40mm downstream of the airfoil TE. In the wind tunnel, the Flap was based on six support rods that were bolted on the wing TE with a spacing of 20cm along its span. A drawing of the wing model with the Flap + Splitter device is given in Figure 1 (right), where one of the rods can be seen.
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C. Pressure Measurements
The wing model was equipped with three chordwise sets of pressure taps, at different spanwise locations. Data reported in this investigation concern the measurements from the taps located at the center of the wing span. In total 62 pressure taps were used, four of which were located at the wing TE. In addition, a wake rake was used to record the wake velocity. The rake consisted of 55 total pressure tubes and five static pressure tubes. It was positioned 1.8c downstream of the wing TE and could move both in the spanwise direction and in the direction normal to the wing span. The drag was measured at the center of the wing span and, in the cases with a flap, between two consecutive support rods to avoid any interference. Four 32-channel MicroDaq Pressure Scanners (manufactured by Chell Instruments) were used to obtain 30sec long measurements at 40Hz and 50Hz.
The lift and pressure drag coefficients were computed from the pressure distribution around the airfoil. The wake rake drag coefficient was calculated from the wake pressure distribution according to [25] . The reported drag coefficient value is the rake drag until αClmax and the pressure drag for higher angles of attack. In some cases where the wake was not entirely captured by the wake rake, no drag or L/D value is reported. Standard wind tunnel corrections were applied to the measured data [25] , as they have been found to be valid for thick flatback airfoils [26] . Free transition measurements are reported in this investigation, unless otherwise stated.
D. Stereo PIV Measurements
All measurements concern a plane normal to the wing axis at the center of its span. The cameras were located above and below the test section, 85cm or 1.7c downstream of the wing TE. All Stereo PIV measurements were taken with the wing at α = -0.6° and at = 1.5e6. For each case 1000 snapshots were taken and the results presented here are the averaged data. f/2.8 lenses were used to obtain the data. The camera contained angle (φ in Figure 2 ) was φ ≈ 88°.
Pulse separation time
In Stereo PIV experiments a compromise is necessary between a small pulse separation time that will minimize errors associated with flow acceleration and curvature effects and a large separation time that will result in a sufficiently high dynamic range and acceptable relevant measurement error. In the present case a pulse separation time of 8 μsec was used as higher values would increase the measurement noise and make peak detection harder. For all planes the number of spurious vectors was always below 5% and spurious vectors were replaced using a 3 × 3 vector local mean. The particle displacement was in all cases less than 1/4 of the 32 × 32px final interrogation area, which was 1.8 × 1.8mm in actual dimensions.
Image Processing
Image processing was performed using the Insight 4G (TSI) software. In pre-processing a background reflection image was subtracted from the original images to remove unwanted reflections. In processing, the overlap between interrogation areas was set to 50% and a Gaussian peak estimator was used.
E. Hot Wire Measurements
Hot wire measurements were performed at the wake of the flatback airfoil with and without TE drag reduction devices. The hot wire was located 0.57c downstream of the wing TE, at the center of the wing TE height with the wing located at α = 0°, see Figure 5 . The spanwise location of the probe was the same as the Stereo PIV measurement plane, i.e. at the center of the wing span. A single wire probe was used to examine the spectral content of the wake. The sampling rate was 4000HZ and the sample time was 8.2 sec. 
F. Uncertainty Analysis
The model angle was set with 0.2° accuracy. The 95% confidence interval for the lift and drag values are 1%
and 4%, respectively. The relatively high value of uncertainty for the drag value is due to the unsteadiness of the flow and the vibrations of some of the rake tubes. For clarity the 4% error bars are only drawn in Figure 8 on the plane airfoil data. For the examined hot wire samples, the frequency step was 1.95Hz.
Stereo PIV
Under optimal conditions the minimum displacement that can be accurately estimated using PIV is 0.1px [27, 28] . The corresponding minimum resolvable velocity for a pulse separation time of 8 μsec was = 0.7m/s or 1.5% of ∞ . Any estimated velocity lower than this value is not reliable.
In Figure 6 , the measured time averaged streamwise velocity value for different sample sizes is plotted. The data concern a point right after the plane wing TE, i.e. a point in the most unsteady region of the flow. A horizontal solid black line is drawn at the velocity value based on the maximum number of snapshots (1000).
Above and below this line, two parallel dotted lines are drawn at a distance equal to the minimum resolvable velocity ( = 0.7m/s). The 95% confidence interval is given with a blue dashed curved. This suggests that for 1000 snapshots, the 95% confidence interval is comparable to . 
V. Results and Discussion
A. Force Coefficient Polars
The flatback airfoil examined in the present study is based on a LIR airfoil [24] . The Low Induction Rotor is the concept of a larger rotor designed with low lift airfoils to achieve increased energy capture and decreased levelised cost of energy compared to the traditional wind turbine rotor designs. Keeping this in mind, the discussion of the results in the present paper examines lift, drag and L/D, even though lift would be the main factor for a thick flatback airfoil located at the inboard part of a traditionally designed rotor.
1 st Group of Drag Reduction Devices
The performance of the first set of drag reduction devices (Splitter, Cavity, Extended Cavity, Offset Cavity and Flap) compared to the plane airfoil is given in Figure 7 (Cl vs. α), Figure 8 (Cd vs. α), Figure 9 (L/D vs. Cl). For the Low Induction Rotor, the design Cl is 0.8 [24] , so, in order to examine the performance of each device at that Cl region, L/D is plotted against Cl rather than α.
All devices resulted in lower drag values at angles of attack α < 12° compared to the plane airfoil. The biggest drag reduction (~50%) was achieved by the Splitter, the Offset Cavity and the Flap. It is noted that although the reduction for the three devices is of the same magnitude, the flow mechanism through which this reduction is achieved is different, as discussed in Section C. Stereo PIV results.
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2 nd Group of Drag Reduction Devices
The Flap was also tested in combination with the Splitter, Cavity, Extended Cavity and Offset Cavity, as shown in Figure 4 . The Lift, Drag and L/D variation are given in Figure 10 , Figure 11 and Figure 12 Although the focus of this study is the pre-stall performance of the airfoil with and without the TE devices, it is worth noting that the plane airfoil experienced 3D separation of the Stall Cell type (see Figure 13 ) and that none of the devices changed the SC type, despite delaying SC formation. SCs are large scale 3D structures of separated flow [29, 30] that appear on the suction side of airfoils experiencing TE type stall [31] at angles of attack near stall. 
B. Pressure Distribution
The effect of each drag reduction device on the pressure distribution around the airfoil is examined in this section. It is observed that all devices result in higher base pressure values and that the reduction in Cd is almost linearly linked to the base pressure ( Figure 14) .
The TE devices effect is not limited to the TE region, as the pressure is affected all around the airfoil, see Figure 15 . The Splitter and the Offset Cavity have a more significant overall effect which explains the significant drop in Cl for these devices. Adding the Flap to the Offset Cavity or the plane airfoil appears to mainly increase base pressure at the wing TE with minor effects on the pressure distribution away from the TE region.
All devices increase the pressure difference between the suction peak and the pressure at the blunt TE, which could result in increased roughness sensitivity for the airfoil. Unfortunately, no fixed transition measurements were performed for the airfoils with the TE devices so further investigation is required. The performance of the plane airfoil, however, was virtually unaffected by fixing the transition by means of a zigzag tape located at 3% chord on both sides of the airfoil. 
C. Stereo PIV results
The plane airfoil and the four best performing configurations (Offset Cavity, Splitter, Flap, Flap + Offset Cavity) were examined using Stereo PIV. The results are presented in contour plots in the following manner.
The flow is from left to right and the center of the TE is at X/c = 1, Y/c = 0. An outline of the wing TE and the TE device used each time is also shown.
As the laser source was located outside the test section, at the side of the airfoil top surface, the drag reduction devices shadowed part of the measurement plane. The measurement plane for each case is shown in Figure 16 . The shadowed part along with areas affected by reflections has been masked out. All data have been non-dimensionalized with ∞ and the wing chord (c = 0.5m). Figure 17 and Figure 18 show the mean streamwise velocity and spanwise vorticity contours for each case, respectively. In Figure 17 streamlines are also given, based on which the vortex centers and the saddle point in the wake are identified. As a reference between the various contours, the vortex centers and the saddle point are given in all plots.
Mean Flow
All devices appear to move the saddle point and the vortex centers downstream compared to the plain airfoil case. The vortex centers cannot be identified in the Flap case, as they are probably in the shadowed region, where no data are available.
It is noted that the highest vorticity values correspond to the two shear layers that leave from the wing surfaces and not the vortex centers. For the Flap cases two distinct regions of high negative vorticity are observed, one corresponding to the Flap wake and one to the top wake vortex. The Flap + Offset Cavity case is the only case where the center of the lower vortex is further downstream than the top one.
For both flap cases, no reversed flow is observed in the vicinity of the flap, at least in the region where data are available, suggesting that the flap is well aligned with the local flow for the examined angle of attack.
Turbulence characteristics
In the ′ ′ ̅̅̅̅̅̅ contours for the plane airfoil ( Figure 19 ) two large regions of high positive (top) and negative (bottom) values are observed. These indicate the size and intensity of the shear layers that form downstream of the wing TE. Upstream of these two regions two smaller regions of opposite ′ ′ ̅̅̅̅̅̅ sign appear, also upstream of the vortices centers. The overall picture is very similar to the high speed 2D PIV results presented in [13] . The ′ ′ ̅̅̅̅̅̅ pattern for the Offset Cavity is also similar, suggesting that the same flow pattern appears. The only difference is in size and Re stress magnitude, as the flow pattern appears to scale with the cavity height rather than TE height.
In the Splitter case the two large regions indicating the two shear layers that meet are also observed, but the smaller regions of opposite sign are not, suggesting a different flow mechanism in the wake. The Splitter is too short to completely prevent vortex shedding [12] , but it does delay it until further downstream.
In the Flap case the lower shear layer is much more intense than the top which is affected by the presence of the flap. When the Offset Cavity is added to the Flap, the ′ ′ ̅̅̅̅̅̅ intensity drops significantly for both shear layers suggesting a much more stable flow.
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D. Hot wire results
The frequency spectrum from the hot wire measurements for the examined TE devices and the plane airfoil is given in Figure 22 , while the dominant frequency for each case and the corresponding St are given in Table 1 .
The peak amplitude at the main shedding frequency is normalized with the peak amplitude of the plane airfoil and is also given in Table 1 .
For the plane airfoil a peak is observed at 217Hz, while lower peaks appear at frequencies twice and three times the main frequency. A similar behavior is observed for all the examined devices, but the dominant frequency is always higher than that of the plane airfoil. For the Splitter and the Flap + Offset Cavity the third peak is hardly observable. For the Offset Cavity and the Flap, the peaks appear much sharper, suggesting that distinctly structured vortices pass through the point of measurement.
The only device that gives higher amplitude at the main frequency than the plane airfoil is the Flap (130% of the amplitude for the plane airfoil), while the Flap + Offset Cavity gives the lowest amplitude (16% of the amplitude for the plane airfoil). This is in agreement with the results from the Stereo PIV measurements, where significantly smaller flow variations were observed for the Flap + Offset Cavity than for any other device (see e.g. Figure 19 ). Excluding the main frequencies and their multitudes, the amplitude throughout the examined spectrum is smaller for all the devices compared to the plane airfoil, again in agreement with the Stereo PIV data. 
Dominant
VI. Conclusions
A flatback airfoil was tested experimentally with various TE drag reduction devices. The blunt TE airfoil was based on a thin TE airfoil optimized for use on a LIR. The thin TE airfoil had a design Cl of 0.8 so the question was how the TE devices would affect the airfoil performance around the design Cl region.
Along with previously tested devices, such as cavities and splitter plates, a new device (Flap) was tested on its own and in combination with the other devices. The Flap is different to thin airfoil slotted flaps in the sense that the flow coming from the airfoil top side feeds its pressure side, rather than the high speed flow coming from the airfoil pressure side feeding its suction side. To the best of the authors' knowledge this is the first investigation of such a device on a flatback airfoil.
Lift and drag were extracted from pressure measurements at = 1. The flow downstream of the Offset Cavity is very similar to that downstream of the plane airfoil TE, but it scales with the cavity height rather than the TE height. As previously observed for a normal cavity, the mechanism here is to move vortex roll up downstream away from the wing TE. It is noted that the position of the splitter plates for the cavity was not optimized and perhaps greater gains could be obtained.
The overall conclusion is that all devices transform the large, slow variations of the flow downstream of the wing TE, into quicker fluctuations of lower amplitude. The most effective device in terms of L/D increase is also the one that limited the flow variations the most, suggesting that large and slow variations are more "expensive" compared to the small and fast ones.
It is worth noting that this is a proof-of-concept investigation for the Flap and that the device was not optimized in any way. The effect of parameters such as Flap angle of attack, chord length, profile and position remain to be examined. Further research could also investigate the ability of the new Flap device to actively control loads on a wing.
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